Objective: To determine whether asymptomatic persons with Alzheimer disease (AD) neuropathologic change differ in the trajectory of their cognitive performance compared to asymptomatic persons without AD neuropathologic change.
Neuropathologic and biomarker changes of Alzheimer disease (AD) begin decades before the onset of symptoms. [1] [2] [3] Less is known about subtle cognitive changes that may occur before a person develops noticeable symptoms. Better understanding such changes would help to define the cognitive consequences of biological changes occurring in AD. One or more neuropsychological features that frequently deteriorate prior to onset of noticeable symptoms might be promising for eventual use in selecting subjects for clinical trials.
Recent changes in the neuropathologic definition of AD offer the opportunity to look more closely at persons with AD neuropathologic change who died and came to autopsy while still asymptomatic. Older classification schemes such as the National Institute on Aging (NIA)-Reagan Institute criteria required the presence of clinical symptoms in addition to AD neuropathologic change to assign a diagnosis of AD. 4 Hence, neuropathologic changes of AD in persons with preclinical stages of AD may routinely have been labeled as "age-related" or as having histologic findings that "suggest" diagnosis of AD. 5 The most recent standard for neuropathologic assessment of AD is the NIA-Alzheimer's Association (AA) guidelines, 6, 7 which address only underlying AD neuropathologic change, regardless of the person's symptoms.
We sought to use this opportunity to determine whether asymptomatic persons with AD neuropathologic change differ in their cognitive status compared to asymptomatic persons without AD neuropathologic change. We also sought to determine the trajectory of these potential changes over time.
METHODS Study sample. Data for this analysis were obtained from the National Alzheimer's Coordinating Center Uniform Data Set (NACC UDS) 8 and the Neuropathology Data Set (NPDS). The analytic sample included data entered between September 2005 and June 2013 from 34 current and past Alzheimer's Disease Centers (ADCs). The UDS records information on demographics and clinical characteristics for patients with and without dementia. 9 Standard collected information includes health history, functional and cognitive impairment history, neuropsychological testing, and neurologic examination. Assessments are made approximately annually. A subset of UDS subjects also consent to autopsy, in which case their neuropathologic features are recorded in the NPDS. For these subjects, data in UDS and NPDS are linked.
The analytic sample comprised subjects with normal cognition at their last ADC visit who died and went to autopsy. Subjects who died more than 2 years after their last UDS clinical assessment were excluded. Normal cognition was defined using the Clinical Dementia Rating (CDR) global score, an instrument that grades subjects' cognitive and functional abilities. Subjects with a CDR global score of 0 at their last clinical assessment were considered to have normal cognition and thus to be "asymptomatic." 10 Subjects with CDR scores of 0.5 or higher were considered to exhibit clinical characteristics consistent with mild cognitive impairment (MCI) or dementia and were excluded.
Defining neuropathologic AD. Subjects meeting study inclusion criteria were then characterized as having neuropathologic AD (AD-NP) or non-AD-NP. The definition of AD-NP was based on a modification of the NIA-AA criteria for neuropathologic AD "ABC score." 6, 7 Braak stage (B score) for neurofibrillary tangles 11 and CERAD (Consortium to Establish a Registry for Alzheimer's Disease) neuritic plaque frequency 5 (C score) were recorded in the NPDS; however, at the time of data analysis, a Thal phase for b-amyloid (Ab) plaques 12 (A score) was not recorded in the NPDS. In order to capture the most frequent plaque type, we included "diffuse plaque," which is most likely an early form of Ab plaque formation and is defined as plaques with no apparent dystrophic neurites, as detected by silver impregnation methods, ubiquitin, or tau immunohistochemistry (IHC). All types of Ab plaques, including diffuse plaques, are also readily identified using Ab IHC.
Subjects with sparse, moderate, or frequent diffuse plaques were considered to have a Thal Ab plaque phase of 1 or higher and met AD-NP inclusion criteria for this study. Likewise, subjects with sparse, moderate, or frequent neuritic plaques had a neuritic plaque C score of 1 or higher and also met study inclusion criteria. Limiting the sample to subjects with either diffuse or neuritic plaques is similar to including all subjects meeting NIA-AA criteria for low to high AD neuropathologic change. The resulting study sample included only those subjects with amyloid plaques, excluding those without, regardless of Braak stage and clinical diagnosis. 13 The remaining subjects not meeting criteria for AD-NP constituted the comparison group of non-AD-NP. No additional exclusion or inclusion criteria were applied to this group.
Standard protocol approvals, registrations, and patient consents. Written informed consent was obtained from all participants. Research using the NACC database was approved by the University of Washington Institutional Review Board.
Measures of decline. Cognitive decline was measured using the UDS neuropsychological battery. 14 The battery includes the Wechsler Memory Scale-Revised Logical Memory IA Story Units Recalled and Logical Memory IIA-Delayed Story Units Recalled, which are administered to test subjects' story retention ability. 15 The Boston Naming Test presents subjects with drawings of objects and asks subjects to name the objects. 16 Animal and vegetable naming tests require subjects to generate lists of words in a given category. 17 The Wechsler Adult Intelligence Scale-Revised Digit Symbol requires subjects to use a symbol-to-number legend, 18 while Digit Span Forward and Backward tests ask subjects to repeat a series of numbers. 15 Finally, Trail Making Tests A and B assess visuomotor and perceptual scanning skills by recording the time it takes a subject to connect the lines between a set of numbers or letters and numbers from smallest to largest. 19 The groupings of neuropsychological tests by cognitive domain were based on findings published by Hayden et al., who performed a factor analysis of the UDS battery resulting in 4 distinct cognitive domains. The episodic memory domain is measured by the 2 Logical Memory tests, the language domain by the Boston Naming Test and the object naming tests, attention/working memory by the Digit Span tests, and executive function by the Trail Making tests and Digit Symbol test. 20 At every available visit, each test within a domain was converted to a z score by subtracting the mean and dividing by the SD of all UDS initial-visit scores among cognitively normal subjects defined as having a CDR global score of 0. The z scores for the tests within each domain were then averaged to obtain a standardized domainspecific composite score. Finally, the domains were averaged to create a global composite score. Domains missing data on at least one test were considered missing. Subjects missing the entire neuropsychological battery at all visits were excluded.
Statistical analysis. Rate of cognitive decline was estimated using linear regression with generalized estimating equations, which allowed us to account for the nonindependence of visits for the same subject, as well as clustering of subjects within an ADC. 21 Time was measured as years since initial visit. Each of the 4 cognitive domains, as well as the global composite, was an outcome measure (dependent variable) in a separate regression model, resulting in 5 separate models.
Average rate of decline for the AD-NP subjects was compared to average rate of decline in the non-AD-NP subjects using a Wald test. Two adjusted models were run for each outcome measure. The first model was adjusted for age at initial visit, education, and sex. We did not adjust for race in the model because nonwhite race was so uncommon for both groups. The second model was adjusted for the same characteristics as well as the presence of ischemic, hemorrhagic, or vascular pathology and presence of Lewy body pathology. Because some tests, specifically Logical Memory, often see score improvement due to practice effects, we attempted to adjust for this by including an indicator variable in the model for initial visit vs follow-up visit; however, this variable was not statistically significant in any of the models and was dropped. All regression models were run with an independent correlation structure and robust standard errors in R 2.14.2 using the "geeglm" package.
RESULTS
At the time of data abstraction, there were 2,509 UDS subjects with neuropathologic data. Limiting the sample to those who died within 2 years of their last UDS visit reduced the sample to 2,033 subjects. Applying the inclusion criteria of a CDR global score of 0 at the most recent visit resulted in 225 subjects, 211 of whom had at least some neuropsychological data. Of these, 131 (62%) met AD-NP criteria and 80 (38%) did not.
As shown in table 1, most subjects contributed at least 2 visits (72%). Subjects making only one visit before death were still included in the model because their data contributed to estimating mean cognition at baseline.
Demographic and neuropathologic characteristics of the 2 groups are described in tables 2 and 3. NP-AD and non-NP-AD subjects were similar in terms of age, education, and sex. However, AD-NP subjects had slightly more ischemic, hemorrhagic, or vascular pathology, whereas non-AD-NP subjects had slightly more Lewy body pathology.
Average rates of cognitive decline in the various domains for each group were estimated from the regression models (table 4) . Rates of decline are interpreted as the average annual change in score, where the score is measured in units of SDs from the baseline average. For example, subjects with AD-NP had a global cognitive decline of 0.02 SDs per year, on average.
When looked at by themselves, changes over time in each group were not statistically significant from zero (except for an increase in score for episodic memory for the non-AD-NP group). This increase may reflect a practice effect, which can be pronounced on episodic memory measures. 22 Comparisons between the 2 groups were more telling. Compared with the group without AD-NP changes, the AD-NP group showed a statistically significant decrease in attention/working memory scores over time.
Models not adjusted for neuropathology resulted in nearly identical estimates (table e-1 on the Neurology ® Web site at Neurology.org). The mean scores for each domain are also presented for the first and last visits (tables e-2 and e-3). On the first assessment, there were no significant differences between the AD-NP and non-AD-NP groups. By the time of the last visit, the 2 groups differed significantly in attention/working memory and in the global composite score. These data are presented as ancillary, as they utilize data from first and last visits but not data from middle visits for persons having more than 2 visits. The slope data presented in table 4 are thus more robust, as they utilize data from all visits. Nonetheless, the static data corroborate the slope data, emphasizing attention/working memory as a key difference between the AD-NP and non-AD-NP groups. Estimates of slopes of individual tests are shown in table e-4. We also evaluated the effect of using a more narrow AD neuropathologic definition: at least moderate neuritic plaques and Braak stage $III. Sample size for the AD-NP group decreased to 31. Effect sizes were similar to those in table 4, but no comparisons were significant (table e-5). DISCUSSION We sought to determine whether persons with AD neuropathologic change but without symptoms of MCI or dementia have subtle cognitive changes detectable only by neuropsychological test performance, especially longitudinal performance. We found that, compared with persons without AD Table 1 Number of in-person visits made among subjects with normal cognition (CDR global 5 0) at the last assessment before death (£2-year lag) by NP diagnosis (AD vs non-AD) (40) Abbreviations: AD 5 Alzheimer disease; NP 5 neuropathologic. a One AD-NP subject was missing data on years of education.
neuropathologic change, persons with AD neuropathologic change showed decline in the attention/ working memory domain score. It must be emphasized that this decline was subtle and modest. Declines in episodic memory have traditionally been viewed as the hallmark of cognitive change in early AD; however, recent studies have documented declines in attention/working memory before onset of AD symptoms. [23] [24] [25] [26] Subtle cognitive changes in the preclinical stage of AD may be more readily determined by changes over time compared to the person's baseline rather than differences compared to population norms. 27, 28 In terms of methodology used by studies investigating neuropsychological changes in preclinical AD, one study reviewed 73 articles. The vast majority of these studies used neuroimaging to determine AD status or were case-control studies comparing people who eventually developed AD symptoms with those who did not. 26 In this review, only 3 studies used autopsy findings, each of which had fewer than 10 AD cases. [29] [30] [31] Several newer studies have used autopsy-verified AD to evaluate neuropsychological changes in preclinical AD, with mixed findings. One study compared 21 asymptomatic persons with AD-NP and 27 without, with no differences in cognitive trajectories. 32 A second study evaluated 97 asymptomatic persons at 7 ADCs; 40% met some level of criteria for AD-NP. Neuropsychological test scores were lower with more advanced pathology. 33 A third studied 32 asymptomatic persons with AD-NP and 89 without. They found no crosssectional differences between the groups at baseline or last evaluation; however, there were differences in slope of decline for several tests (word list delayed recall, verbal fluency, constructional praxis). 28 A fourth studied 296 asymptomatic persons. Seventy-six percent had Ab deposits. Increased measures of AD-NP change were associated with lower episodic and working memory scores. 34 The current study adds to the literature by being one of the few studies on neuropsychological changes to use autopsy findings determined independently of the subject's cognitive status and by being the largest of only 3 studies reporting longitudinal cognitive data on persons with autopsy-proven AD-NP. 28, 32 The cases studied likely include more cases of very early preclinical AD than other studies, especially studies that utilized biomarker or imaging data. We cannot be sure how many in the AD-NP group would have been positive for in vivo biomarkers or neuroimaging. This group of people who had AD-NP changes but who are clinically normal may have a different cognitive profile from those who are biomarker positive and clinically normal.
A more narrow definition of AD neuropathology resulted in loss of significance of the difference between the 2 groups (table e-5), perhaps because of smaller sample size. Another potential contributing factor may be elimination of diffuse plaques from the analysis. Diffuse plaques have been shown to have a deleterious cognitive effect. 33 Understanding preclinical AD is especially important for future clinical trials. Disease-modifying therapies for AD will likely be more useful in the preclinical AD stage than later. 3, 27, 35, 36 Biomarkers are currently the main criteria that would be used to identify preclinical AD; however, changes in neuropsychological tests have been posited as a means to identify people in the later stage of preclinical AD (i.e., people with both amyloid deposition and evidence of neurodegeneration on biomarkers, as well as subtle cognitive changes). 37 It should be noted that such neuropsychological changes occur after neuronal degeneration, rather than after amyloid deposits alone. Increasing the enrollment of these subjects in clinical trials would likely enrich the study population with subjects who would be more likely to progress to symptomatic AD, which would decrease the sample size and/or length of follow-up needed in trials. 36, 38 The current study has suggested measures of attention/working memory as prime candidates for future development for this role. The neuropsychological battery used by UDS was primarily designed for evaluation of people with symptoms, and it is likely to be less useful for discrimination of people at the high end of function (ceiling effect). Thus, it must be stressed that the current study has not verified these specific tests (Digit Span Forward and Backward) for roles in clinical trials, but rather has identified this domain as potentially fruitful for identifying groups of people likely to be in later preclinical AD.
The study's limitations must be addressed. First, retrospectively fitting UDS neuropathology data to the NIA-AA criteria has shortcomings and we were not able to derive a Thal phase. Persons earlier in the study period might have undergone less sensitive autopsy techniques that would have missed the presence of Ab deposits. This might have led to underassessment of cases that would have met NIA-AA criteria if they had been fully assessed. This would tend to bias detection of differences between the 2 groups towards the null, as persons falsely classified as non-AD-NP would be more likely to have subtle neuropsychological changes, unlike correctly classified members of that group.
Second, there are possible biases in the nature of UDS subjects. More highly educated subjects are more likely to volunteer as normal controls and consent to autopsy. There were few nonwhite subjects in either the AD-NP or non-AD-NP groups. These recruitment issues limit the generalizability of the study. Also, although ADCs contribute data using the same standardized protocols, there is some variation by center as to how data are gathered and recorded.
Third, there were some missing neuropsychological test data; however, the frequency of missing data was #8% across all visits for all domain-specific scores, and the frequency of missing data for the global composite was 10%. Missing data percentages were similar among AD-NP and non-AD-NP groups. All subjects failed to meet criteria for cognitive impairment, supporting the assumption that missing test data were not missing due to cognitive impairment and thus did not bias our findings.
Fourth, the cognitive tests in the UDS battery are older measures. More sensitive tests now available, such as the Free and Cued Selective Reminding Test, may have yielded significant effects for episodic memory. Thus, firm conclusions regarding the absence of changes in episodic memory are not possible.
Fifth, the constructs of attention and working memory are broad and can be subdivided into multiple components that often overlap with the construct of executive function. Digit Span Forward and Backward have shown validity as measures of attention/working memory 20, 39, 40 but cannot be assumed to represent all aspects of attention/working memory such as cognitive control, switching, or response inhibition. Future studies incorporating more comprehensive assessment of attention are needed.
Sixth, 79% of subjects were aged 80 years or older. Findings regarding the nature of preclinical AD may not be generalizable to younger patients with AD.
Despite these limitations, this study has a major strength in that it allows us to evaluate neuropsychological changes in a group of persons who had the same standardized tests administered over multiple visits and who then underwent autopsy confirming the presence or absence of AD neuropathologic changes. Thus, these data allow us to draw reasonable inferences regarding subtle neuropsychological changes that people with underlying AD-NP manifest while they are still otherwise asymptomatic.
This study has shown that attention/working memory is a potential priority for development of more indepth neuropsychological tests to identify people in the later stages of the preclinical phase of AD. Table 4 Annual mean change in subjects with normal cognition (CDR 5 0) at last visit prior to death by AD-NP status using 4 cognitive domains and a global composite score adjusted for underlying non-AD pathologic features
Domain
No. of subject-visits Annual mean change for AD-NP (95% CI) a,b
Annual mean change for non-AD-NP (95% CI) a,b
Annual mean difference between AD-NP and non-AD-NP (95% CI) 
